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1)

BRIEF OVERVIEW OF CHERA

Camp for Hands-on Experience in Radio Astronomy --- CHERA, 5th to 22nd June 2016 at RAC (Radio
Astronomy Centre), Ooty.
Despite the several student internship programs offered by the various Indian research institutes providing
useful research experience to typically a few hundred students each year, an overwhelming majority of the
bright and motivated students still remain unexposed to the exciting developments and research
opportunities in radio astronomy. Due to the lack of exposure at an early stage, much of the talent is missed
to be attracted to graduate studies and research in astronomy. The initiatives such as the "Radio Astronomy
Winter School for College students" (RAWSC, since 2008) and the "Pulsar Observing for Students" (POS,
since 2012) aimed to bridge this gap. These programs have provided such opportunity to more than 200
students so far.
New programs, particularly aimed at mentoring radio measurement techniques and instrumentation skills,
would complement and enhance capacity for future development in these areas.
This decade has seen an unprecedented increase in the radio astronomy initiatives and related
developmental activities, as well as research in general with existing and new facilities, across the world.
India has a long history in radio astronomy, including instrumentation development.
The camp was meant to help ensure the continuity of this tradition, by training the next generation of
radio astronomers and instrumentation developers. The focus in this camp was on hands-on experience
with instrumentation/ observation/measurement/analysis, thus distinct from the other initiatives that
are already in place. In addition to the hands-on component, the proposed camp introduced
undergraduate and masters students to radio astronomy, basic concepts and advanced
topics/techniques.
First CHERA held at RAC-Ooty, during the first two weeks of Jun 2015, saw participation of 11 students
(from IITs, IISERs, IIST, UNIs, and other colleges).
The second such camp was held again at RAC, Ooty in the Summer of 2016 from 5th to 22nd June 2016. The
number of students was limited to 15 and the lecturing/training/mentoring was supported by members
mainly from RAC/NCRA and RRI. The camp provided undergraduate & post-graduate engineering/physics
students an extensive hands-on experience in the area of experimental radio astronomy.
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2)

BRIEF ACCOUNT OF CHERA 2016 PROCEEDINGS

CHERA 2016 which took place in June 2016 was organized by a collaboration between faculty of NCRA Pune
and RRI Bangalore, which took place at RAC, Ooty.
Participants were taught topics from a range of fields including (radio) astronomy, astrophysics, cosmology,
statistics, programming (with Python/Anaconda), instrumentation, signal processing etc. relevant/required
for collecting and analyzing real astronomical data using the Ooty Radio Telescope (ORT), in numerous
experiments and demonstrations which are listed below:
1) Slewing across the radio point-source 'Virgo-A' to estimate the beam width of ORT;
2) Using known astronomical calibrators to calibrate ORT and to estimate its G/T-Sys value and sensitivity;
3) Learning to operate the ORT and using it to track and gather data from the pulsar B1642-03 (demo);
4) Estimating the radiation pattern of a half-wave dipole antenna by changing the angle between the
transmitter and receiver (demo);
5) Generating a one-dimensional radio profile of the Sun using aperture synthesis;
6) Tracking the Vela pulsar and analyzing the data obtained to find its dynamic spectrum, dispersion delay,
dispersion measure, time period and distance from Earth;
7) Estimating the length of a co-axial cable using a signal generator, oscilloscope and a T-junction, in an
open-circuit condition;
8) Observing the Lunar Occultation of a radio source by the moon;
9) Observing Inter Planetary Scintillations (demo);
10) Measuring the correlation of two partially correlated signals (demo);

Following is a list of the topics covered in CHERA 2016:
1) Familiarization with Linux OS - using pgplot, gnuplot etc.;
2) Python for Astronomers (Python basics, Anaconda package, numpy, scipy, astropy, matplotlib/pylab,
image processing in Python);
3) Mathematics and Statistics (required basics, Fourier series & transform, convolution, correlation, autocorrelation function, Linear Time Invariant systems etc.);
4) Radio Astronomy (Basics, radio sources/radio sky, radio telescopes -- radio antennae & receivers, single
dish radio astronomy, Radio Interferometry, Van-Cittert Zirnike Theorem, dirty beam, sampling function,
de-convolution, Aperture Synthesis etc.);
5) Signal Processing (Nyquist and Shannon sampling, aliasing, SigProc software, Gaussian Random Noise,
White noise, LTI, point-spread function, impulse response, de-noising etc.);
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6) Astrophysics (Celestial coordinates & jargon, precession of Earth, N.E.D website, ATNF Pulsar Database,
Pulsars, Radio Recombination lines, astrophysics & cosmology concepts, solar physics, Inter Planetary
Scintillations, Lunar Occultation, Inter Stellar Medium etc.); and
7) Instrumentation (Co-axial cables, Portable Radio Receiver, ORT hands-on experience, dipole antennae,
correlator, spectrum analyzer etc.);

3)

BRIEF DESCRIPTION OF THE OOTY RADIO TELESCOPE (ORT)

ORT is located at the Radio Astronomy Center (RAC/NCRA-TIFR) in Ooty, in Southern India, situated at a
latitude of about 11o N and longitude of 76° 40'E and at an altitude of 2150 meters above sea level. ORT
has an offset parabolic cylindrical reflector, whose dimensions are about 500 meters in North-South, and
30 meters in East-West and has an equatorial mount. The feed array consists of 1056 dipoles, grouped into
22 modules with 48 dipoles per module, kept at the focus of the off-axis parabolic reflector (Swarup et
al1971, Sarma et al. 1975a, 1975b, Kapahi et al. 1975) and oriented along North-South. ORT makes 12 main
beams along its length. The antenna is not sensitive to the other (East West) component of polarization.
The telescope operates at a fixed center frequency of 326.5 MHz with a bandwidth of about 16 MHz. The
telescope is located on the slope of a hill with an inclination 11o to the horizontal plane. The slope is
deliberately chosen to be equal to the latitude of the place, thus making a natural setting for the equatorial
mount of the telescope. A source at the zenith can be tracked for about 9 hours (-4 to +5 hrs of Hour Angle)
by moving the telescope in the east-west direction about its axis. The declination range covered is ±55° and
can be achieved by phasing the array electronically.

4)

OOTY RADIO TELESCOPE (ORT) EXPERIMENTS

The observations, data analysis and results of various experiments conducted during CHERA 2016 using the
Ooty Radio Telescope (ORT) are summarized below. It may please be noted that experiments which are
tagged as ‘demo’ in the list of experiments were purely observational experiments (‘demonstrations’,
rather), with no data analysis performed/required, and hence have not been elaborated herein.

I) Slewing across the radio point-source 'Virgo-A' to estimate the beam width of ORT:
The ‘beam’ of a radio telescope is its ‘power pattern’. It is the power at the terminals of an antenna as a
function of the direction to the point source, normalized to unity at maximum. The beam is a function of
the direction of the incident wave, because the antenna works better in some directions than in others. By
the Lorentz Reciprocity rule, which follows from Maxwell’s equations, the pattern of an antenna is the same
regardless of whether it is used as a transmitting or receiving antenna. Hence the beam of a receiving
antenna is the same as the power pattern far from a transmitting antenna, normalized to unity at maximum.
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The power pattern has a primary maximum, called the main lobe and several subsidiary maxima, called
side lobes. The points at which the main lobe falls to half its central value are called the Half Power points
and the angular distance between these points is called the Half Power Beamwidth (HPBW). The minima of
the power pattern are called nulls. From simple diffraction theory it can be shown that the HPBW of a
reflecting telescope is given by Θ(HP BW) ∼ λ/D where D is the physical dimension of the telescope. λ and
D must be measured in the same units and Θ is in radians. This is also the resolution of the
telescope/antenna. For radio astronomical applications it is desired that the antenna beam should have a
small HPBW to have a better resolution, and that the side-lobes should be small (to minimize stray
radiation).
The beam of a telescope is equivalent to its ‘point spread function (psf)’ or ‘impulse response’ i.e. the
response of the telescope to a point source. The image of a complex object in the sky can then be seen as
the convolution of the psf with the true object brightness.

Observations:
The celestial coordinates of the point radio source Virgo A in June 2016 were RA: 12h 31m 37.34s
DEC: 12h 17m 32.7s
ORT makes 12 main beams simultaneously along its length.
ORT beam #7 (central beam) was operational and was used to record data.
Sampling rate = 50 Hz i.e. 20 ms
RC time constant = 50ms
ORT frequency = 326.5 MHz
ORT Bandwidth = 4 MHz
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The ORT slewed 10 degrees on either side of the source, in an East-West direction.
Data Analysis:
VirgoA.py
Results:
The signal to noise ratio was found to be: 240
The beam width of ORT was estimated to be: (2.5 +- 0.4) degrees.
The East-West width/size of ORT was estimated to be: (25.4 +- 4.4) meters, which agrees with the actual
value of 30 meters.
The mean estimated ORT width shows a deviation of 15.1898 % from the actual value of 30 meters.
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II) Using known astronomical calibrators to calibrate ORT and to estimate its G/T-Sys value and
sensitivity:
The goal of this experiment was to calibrate ORT using an astronomical calibrator (a source having a known
flux density) and estimate certain ‘figures of merit’ of the telescope viz. ‘G/T-sys’, ‘RMS Flux Sensitivity’ and
the ‘Sensitivity Number’.
The definition of antenna gain in astronomy is different compared to the standard engineering definition.
It is measured in K/Jy and is given by:

G  Ae / 2k
Where Ae is the effective area of the antenna, defined as the power density available at the antenna
terminals divided by the flux density of the wave incident on the antenna. Ae is a function of the direction
of the incident wave, because of the concept of the ‘antenna beam’ mentioned earlier.
The system noise temperature is the thermal temperature equivalent to the total extraneous noise power
generated by the radiometer/antenna system. It is the sum of many terms.
G/T-sys is the antenna-gain-to-noise-temperature ratio which has dimensions of Jy-1. It is a figure of merit
of an antenna and is mentioned in specification sheets for antennas that operate in certain environments.
It is analogous to the concept of ‘signal-to-noise ratio’. Antennas required for specific purposes can be
selected on the basis of their G/T-sys values. The inverse of G/T-sys = T-sys/G is called the System Equivalent
Flux Density (SEFD), which is just the system noise expressed as a flux density. The expression for G/T-sys
used for this experiment is:
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G TON  TOFF 2
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where T(ON) is the system temperature while tracking the source (known astronomical calibrator), T(OFF)
is the system temperature while the telescope points to a blank region in the sky, Ssrc is the flux density (in
Jy) of the known astronomical calibrator. The factor of 2 comes into play because only one polarization
can be observed by a single radiometer.
The RMS flux sensitivity is defined as the smallest flux that the radio telescope can detect. It is given by
the radiometry equation:

S 

Tsys
G B

Where B is the frequency bandwidth of the telescope and τ is the integration time. The smaller the RMS
flux sensitivity value, the more powerful the radio telescope is.
The ‘sensitivity number’ is the inverse of the RMS flux sensitivity, when bandwidth = 4 MHz and integration
time = 1 s. It basically tells us how much more sensitive the telescope is compared to one which has an RMS
flux sensitivity of 1 Jy. A higher sensitivity number implies a more sensitive telescope.

Observations:
The celestial coordinates of the astronomical calibrator 3C279, in June 2016 were RA: 12h 56m 59s
DEC: -05h 52m 25s
Source flux density = 15.1 Jy (known quantity of astronomical calibrator)
ORT beam #7 (central beam) was operational and was used to record data.
Sampling rate = 50 Hz i.e. 20 ms
RC time constant = 50ms
ORT frequency = 326.5 MHz
ORT Bandwidth = 16 MHz
The ORT tracked the source (ON source) for 180 seconds, then tracked a dark region of the sky (OFF
source) for 180 seconds.
Data Analysis:
3C279.calib.py
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Results:
The G/Tsys value of ORT as calculated from the astronomical calibrator 3C279 was found to be: (0.0091 +0.0006)
The expected maximum G/Tsys value was found to be: 0.0208
The RMS Flux Sensitivity of the calibrator was calculated to be: (0.0021 +- 0.0001) Jy
The Sensitivity Number was calculated to be: (18.2 +- 1.1)
The expected sensitivity number was calculated to be: 41.5
*The huge difference between expected and observed sensitivities may be due to an incorrect estimation
of expected system temperature. The observed sensitivity is actually quite close to the known maximum
sensitivity number of ORT ≈ 25. Considering that ORT isn’t in its prime days anymore, the observed value
may be even closer to the actual value.

III) Generating a one-dimensional radio profile of the Sun using aperture synthesis:
Aperture synthesis or synthesis imaging is a type of interferometry that mixes signals from a collection of
telescopes to produce images having the same angular resolution as an instrument the size of the entire
collection. At each separation and orientation, the lobe-pattern of the interferometer produces an output
which is one component of the Fourier transform of the spatial distribution of the brightness of the
observed object. The image of the source is produced from these measurements. This method of gradually
building up all the required Fourier components and using them to image the source is called “aperture
synthesis”.
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The corner-stone of aperture synthesis in radio astronomy is the Van-Cittert-Zernicke theorem, which
relates the spatial coherence function or ‘visibility’ V (u,v,w) to the distribution of intensity of the incoming
radiation, I(l,m,n) i.e. ‘brightness distribution’.

V (u, v, w)   I (l , m).ei 2 [lu  mv  nw]

dldm
1  l 2  m2

Where u,v,w are the baseline coordinates (the coordinates of the vector corresponding to the line joining
two radio antennae, expressed as a multiple of the wavelength) and l,m,n are the direction cosines of the
source in the sky. The equation is usually simplified by assuming that the source is confined to a small
area in the sky and/or that the third dimension ‘w’ plays no role when the radio antennae are all located
on a flat/even surface.
In one dimension, the above expression reduces to a simple Fourier transform. This experiment is an
example of one-dimensional aperture synthesis.
V (u) = F {I(l)}

Observations:
ORT has 22 modules named N-1, N-2 …., N-11; S-1, S-2 …., S-11 respectively, each spaced 23 meters apart.
The various modules of ORT were independently and selectively turned on in pairs (while the rest were
turned off) to generate different baselines and therefore perform a one-dimensional intensity
interferometry of the Sun in the North-South direction. Only 1 dimension could be probed because ORT is
a cylindrical parabolic telescope and its modules lie along a straight line (in the North-South direction). The
combination of modules used is listed below:
N-1 with (S-1, …., S-11)
N-6 with (S-1, …., S-11)
S-11 with (N-1, …., N-11)
11 dB solar attenuators were applied to each module to prevent signal saturation.
ORT beam #7 (central beam) was operational and was used to record data.
A Portable Radio Receiver was used to receive data from ORT.
Sampling rate = 50 Hz i.e. 20 ms
Integration time per module combo = 60 sec
RC time constant = 50ms
ORT frequency = 326.5 MHz
Portable Radio Receiver bandwidth = 4 MHz
Data Analysis:
sunprofile.py
Results:
Signal to Noise Ratio: 236
Page 11 of 23

The angular size of the sun was graphically estimated to be roughly: 0.38 degrees
The deviation of the estimated size from actual size of 0.5 degrees was calculated to be 23.89 %
The radio Sun can have a complicated structure, and its surface brightness is dynamic and continuously
changing due to various phenomena that take place on its surface, like sun-spots, solar flares, coronal mass
ejections etc. Further, on the day of observation, Crab Nebula was being occulted by the Sun. This may
explain the asymmetric brightness distribution of the Sun observed in this experiment. If it were possible
to cross-examine this data against observations taken at different frequencies, then it would be possible to
confirm (or reject) this hypothesis.
Note that the brightness obtained is not-to-scale/absolute, it stands on a pedestal which can be raised or
lowered, and thus the asymmetric dip in the brightness should not be interpreted as a true ‘dark region’
on the Sun.
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IV) Tracking the Vela pulsar and analyzing the data obtained to find its dynamic spectrum, dispersion
delay, dispersion measure, time period and distance from Earth:
Pulsars are rapidly rotating neutron stars, which emit jets of radiation from two diametrically opposite
ends along an axis. The jet-axis may be aligned in any manner w.r.t the axis of rotation of the star and the
angular width of a pulsar jet is around 10 degrees. Hence, pulsars are like rotating double-beamed lighthouses. If the jet of a pulsar happens to point towards the direction of Earth, then we can detect it as a
‘pulse’ every time it slews across the Earth. The pulses are detected at regular intervals, equal to the
rotation period of the pulsar. Pulsars are one of the most regular objects in the universe, outperforming
even atomic clocks in this regard. Assuming that pulsars are uniformly distributed in our galaxy and their
beams point in random directions, it can be shown that approximately 20% of them would be detectable
on Earth. Pulsars detected using radio astronomy emit radiation in the radio region, although other
pulsars exist which emit radiation in other regimes of the EM spectrum. Thus, pulsars do not emit
radiation at a single frequency, but rather over a range of frequencies.
The Vela Pulsar (PSR J0835-4510 or PSR B0833-45) is a well-known and well-studied pulsar. It is a radio,
optical, X-ray and gamma-emitting pulsar associated with the Vela Supernova Remnant in the
constellation of Vela. It has the third brightest optical component of all known pulsars which pulses twice
for every single radio pulse. The Vela pulsar is the brightest persistent object in the high energy gamma
ray sky.
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The electrons in the interstellar medium disperse the pulsed signal of a pulsar received by a radio
telescope such as Ooty Radio Telescope (ORT). This manifests itself as a broadening of an otherwise sharp
pulse when a pulsar is observed over a finite band width. The amount of dispersion is proportional to the
integrated column density of free electrons between an observer and the pulsar. A measure of this
integrated column density of free electrons is Dispersion Measure (DM). Assuming the density of
electrons in the inter-stellar medium (ISM) to be uniform, this quantity depends on the distance of the
pulsar. Thus, if the DM can be measured, so can be the distance to the pulsar. The pulse broadening
mentioned above is also proportional to the band of frequencies over which it is measured and is smaller
for a smaller bandwidth. Thus, the broadening can be understood as a large number of pulse trains over
several channels of small bandwidth, where the pulse at a channel with higher frequency arrives before
that of the lower frequency (known as Dispersion Delay), thus leading to a pulse smear. The pulse over
one channel (with reasonably small bandwidth) can be assumed to be similar in shape to the pulse
emitted by the pulsar and the time delay of this pulse between the highest and the lowest frequency
channel can be used to estimate the dispersion delay (DM or distance).
To measure the above quantities, we need to analyze the pulsar data and represent it as a Dynamic
Spectrum i.e. a visual representation which is a three-dimensional plot between time vs frequency vs
intensity (variation in intensity is represented by assigning false colours to data points). It shows how
pulses of different frequencies arrive at different times due to Dispersion Delay by the ISM electrons.
The DM is given by:
𝐷𝑀 = 𝑘𝑆∗(𝑓12 * 𝑓22 / 𝑓1+𝑓2) pc cm-3
Where k = 2.4103× (10−4) MHz−2 cm−3 s−1 pc, f1 and f2 are the first and last frequencies of the band in
MHz respectively and S is the slope of the Dynamic Spectra curve in sec/MHz.
The DM can then be used to de-disperse the Dynamic Spectra plot. The dispersion delay in time (in sec)
used for de-dispersion is given by

 1
1 
t  4.15*103 * DM *  2  2 
f2 
 f1
Knowing the average electron density of the ISM ne (in cm-3), we can calculate the distance, l (in pc) to
the pulsar by using the formula,
𝑙 =𝐷𝑀/𝑛𝑒 pc
The pulsar period can be easily calculated by measuring the time interval between two successive
pulses.

Observations:
The celestial coordinates of Vela Pulsar in June 2016 were RA: 08h 35m 53s
DEC: -45h 13m 56.5s
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ORT beam #7 (central beam) was operational and was used to record data.
A Portable Radio Receiver was used to receive data from ORT.
Sampling rate = 33MHz
RC time constant = 50ms
ORT frequency = 326.5 MHz
Portable Radio Receiver bandwidth = 4MHz

Data Analysis:
vela.py
vela_denoise.py
*The data used for analysis here is from CHERA 2015

Results:
Time Period of Vela pulsar was calculated to be: (89.1 +- 1.6) ms, which perfectly agrees with the known
value of 89.033 ms
The Dispersion Measure for Vela pulsar was estimated to be (69.9 +- 6.5) pc cm-3 which agrees with the
known value of 67.99 pc cm-3
The Dispersion Delay over the bandwidth of 16MHz (centered around 326.5MHz) was calculated to be:
(267.2 +- 24.8) ms
The approximate distance to the pulsar was estimated to be (2331.2 +- 216.7) pc, assuming n = 0.03 cm-3,
which is the known average ISM electron density. But this provides a ridiculous value for the distance to
Vela, suggesting that we cannot make that assumption and that the actual average ISM electron density
along the line of sight to Vela Pulsar must be much more than 0.03 cm-3
The average ISM electron density along the line of sight to the Vela Pulsar was calculated to be (0.24 +
0.06; -0.04) cm-3, using known distance to pulsar = (294 + 70; -50) pc. This time, the calculations seem to
agree well with known results. The average ISM electron density along the line of sight of Vela is known
to be quite high.
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V) Observing the Lunar Occultation of a radio source by the moon*:
Lunar Occultation of a point source is the eclipsing of a point-source in the sky by the moon, when the
moon happens to pass in front of it. As this occurs, the light from the point source gets diffracted by the
edge of the moon. The diffracted light interferes with the (un-diffracted) light coming directly from the
source, and this produces interference fringes which are observed by the radio telescope. The physics of
Lunar Occultation is therefore essentially the same as that of Fresnel diffraction at a straight edge.
The purpose of occultation of a point source by a celestial object is that, by analyzing the interference
fringes, one can actually get the brightness distribution of the source and hence calculate its size, which is
otherwise not possible (since it is an unresolved point-source which has a size smaller than the resolution
of the radio telescope). Hence, the occulting object essentially serves the purpose of providing extra
resolution via the process of occultation. Several papers have been written on the subject, most notably by
P.A.G Scheuer. An excerpt from his paper, ‘Lunar Occultation of Radio Sources’, shows the lunar occultation
curve of the radio source 3C273 and the true brightness curve obtained from it (see attached image).
By working out the geometry of diffraction, it can be shown that the angular resolution gained by
occultation is given is given by

 

2
D

Where D is the distance between the Earth and the occulting object, and λ is the wavelength of radiation
received. It can be seen that the farther away the occulting object is, the better is the resolution. Hence,
occultation by Jupiter will give a better resolution compared to Lunar Occultation.

Observations:
The occultation of a complex binary source by the moon was observed for 2 hours during which time both
the immersion and emersion of the object were observed.
In the occultation curve, we can see the first few interference fringes on both sides as the object was
occulted by the moon during immersion and emersion. The portion in the middle thus represents the part
when the object was fully eclipsed by the moon.
The occulted source being observed was not a true point source, but rather, an extended object – a complex
binary source with the two constituents orbiting each other. Hence, the orientation of the source was
different during immersion and emersion.
Occultation was observed for two hours, but we do not have all the interference fringes (i.e. the complete
occultation curve) for immersion and emersion. Hence the restoration will also give a partial true brightness
curve.
Further, the variation of the moon's limb (vector) is not known and I have assumed that it is along the
equator of the moon (so its direction is fixed and its length is easier to calculate).
The occultation curve has a relatively low signal to noise ratio.
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It is also possible that during the observation, other unknown sources were being occulted simultaneously,
providing unwanted input.
Due to the above constraints, it is difficult to restore the true brightness distribution from the occultation
curve and gain useful knowledge from it. Data analysis is still ongoing. Further, due to the complex nature
of the object, estimating its size would be difficult.
ORT beam #7 (central beam) was operational and was used to record data.
A Portable Radio Receiver was used to receive data from ORT.
Sampling rate = 20 ms
Total observation time = 2 hours
RC time constant = 50ms
ORT frequency = 326.5 MHz
Portable Radio Receiver bandwidth = 4 MHz

Data Analysis:
lunoccult.py
*Note: Data analysis is still ongoing.
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Results:

Page 20 of 23

Page 21 of 23

VI) Estimating the length of a co-axial cable using a signal generator, oscilloscope and a T-junction, in an
open-circuit condition:
A sinusoidal signal generator is connected to a T-junction, which is attached to an oscilloscope at one end
and a long coaxial cable at the other. The incoming signal from the signal generator interferes with the
signal reflected from the end of the co-axial cable and the resulting signal is observed via the oscilloscope.
The phase difference between the direct and reflected signal is:

 2l 
  2 
 
 ccable 
Where l is the length of the cable, ν is the frequency of the signal and ccable is the speed of the signal in the
cable, which, in this experiment, was known to be 0.6 times the speed of light (c). ccable is a property of the
material and structural design of the co-axial cable.
By changing the frequency, we can change the phase difference between the direct and reflected signals
till we observe a maxima/minima in the amplitude in the oscilloscope (corresponding to constructive or
destructive interference). Noting this value of ν = ν1, we then change it again till we get the next
maxima/minima at ν = ν2. The difference between the phases corresponding to ν1 and ν2 must be 2π.
Hence, using the above formula for both ν1 and ν2, subtracting the values and equating them to 2π gives
us the result:

l

ccable
2 ( 1  2 )

Also, while changing the frequency, we note down the amplitude (voltage) of the signal in the oscilloscope
between one maximum and the next minimum. In that frequency range, we can calculate the power loss
per unit length of the cable (since some power is lost as the signal travels the length of the cable). This is
given by:

loss 

20  Vmax  Vmin

2l  Vmax  Vmin


 dBm / m


Observations:
ν1 = 23.3 MHz
ν2 = 30.9 MHz
Vmin = 135 mV at 27.05 MHz
Vmax = 570 mV at 23.3 MHz
Results:
The estimated length of the co-axial cable was (13.0 +- 0.4) m
The measured length of the co-axial cable was 12.77 m which agrees with the estimated measurement.
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The standard deviation of the estimated length from the measured value is 1.937 %
The power loss per unit length in the frequency range (23.3 MHz – 37.05 MHz) was calculated to be
(0.1642 +- 0.0003) dBm/m

5)
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LIST OF ENCLOSURES
1)
2)
3)
4)
5)

VirgoA.py code + images
3C279.calib.py code + images
sunprofile.py code + images
vela.py, vela.denoise.py code + images
lunoccult.py + code images
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